The present kinetic modelling calculation results provide key new insights into the kinetics of vibrational excitation of nitrogen and plasma chemical reactions in nanosecond pulse, 'diffuse filament' discharges in nitrogen and dry air at a moderate energy loading per molecule, ∼0.1 eV per molecule. It is shown that it is very important to take into account Coulomb collisions between electrons because they change the electron energy distribution function and, as a result, strongly affect populations of excited states and radical concentrations in the discharge. The results demonstrate that the apparent transient rise of N 2 'first level' vibrational temperature after the discharge pulse, as detected in the experiments, is due to the net downward V-V energy transfer in N 2 -N 2 collisions, which increases the N 2 (X 1 , v = 1) population. Finally, a comparison of the model's predictions with the experimental data shows that NO formation in the afterglow occurs via reactive quenching of multiple excited electronic levels of nitrogen molecule, N * 2 , by O atoms.
Introduction
High voltage nanosecond pulse discharges have received considerable attention over the recent decade, both from the viewpoint of fundamental kinetics of breakdown development, molecular energy transfer, and plasma chemical reactions, and due to a number of engineering applications, such as plasmaassisted combustion [1] [2] [3] , high-speed flow control [4] [5] [6] , and biological applications [7] . It is well known that a short pulse duration prevents the development of discharge instabilities and that a high peak reduced electric field during the pulse * This paper is closely related to 'Nitric oxide kinetics in the afterglow of a diffuse plasma filament' by D Burnette et al (doi:10.1088/0963-0252/23/4/045007) published in this volume, which focuses on the kinetic modelling of the experiments. This paper presents the results of the experiments. results in the efficient generation of electronically excited species and molecular dissociation [8] . A short pulse duration also makes possible time-resolved studies of rapid energy transfer processes and reactions of excited electronic species and radicals in the afterglow. Over the last decade, there have been numerous studies of nanosecond pulse discharges operated in molecular gases, both theoretical [9] [10] [11] [12] [13] and experimental [14] [15] [16] [17] [18] , to name just a few.
The focus of the present work is on the kinetic modelling study of a high peak voltage, nanosecond pulse duration (∼200 ns), 'diffuse filament' discharge that is generated between two spherical copper electrodes in nitrogen and dry air. This type of discharge has been studied in our recent work [19, 20] . Reference [20] , which is closely related to the present work, reports time-resolved measurements of temperature, N 2 vibrational level populations, and absolute number densities of N, O, and NO, demonstrating significant N 2 vibrational excitation and radical species generation in plasma chemical reactions during the discharge pulse and the afterglow. The short pulse duration used in these experiments 'separates' in time electron impact vibrational excitation of nitrogen during the pulse from vibration-vibration (V-V) energy exchange in collisions of nitrogen molecules, occurring on a longer time scale, ∼1-100 µs [21] . At these conditions, vibrationtranslation (V-T) relaxation does not affect N 2 vibrational level populations, except for very long time delays after the discharge pulse in air, ∼1 ms. In [20] , time-resolved N, O, and NO number densities have been measured in the afterglow, ∼5 µs to ∼10 ms after the discharge pulse; that is, on the time scale when most excited electronic species generated during the pulse have been quenched. Kinetic model analysis of the time-resolved measurements of temperature and multiple key species concentrations in the afterglow, over a wide range of time scales, provides an opportunity to obtain new quantitative insight into the kinetics of plasma chemical reactions.
The main objective of the present work is to elucidate the kinetic mechanisms of ground state N, O, and NO formation and decay in the discharge and in the afterglow, and to determine which excited states generated in the discharge, but not measured directly, are among the dominant 'precursors' of these species. Section 2 describes the kinetic model of a nanosecond pulse discharge in nitrogen and dry air. Section 3 compares the kinetic modelling predictions with the experimental results of [20] . Finally, section 4 summarizes the results.
Kinetic model
Kinetic modelling of the discharge pulse and the afterglow was carried out using a one-dimensional model, as discussed below. A schematic of the discharge filament sustained between two spherical electrodes is shown in figure 1 . One of the electrodes is grounded and the other is powered by a positive polarity high voltage pulse. In the experiments [19, 20] , the diameter of the electrodes is 8 mm and the distance between the electrodes is 10 mm. The apparent diameter of the discharge filament, as determined from intensified charge-coupled device (ICCD) images of broadband UV/visible emission of the plasma [20] , is approximately d = 2.1 mm. In the experiments, the discharge filament is located in the centre, along the axis of symmetry of the electrodes, as shown schematically in figure 1. Since the diameter of the electrodes is much larger compared to the filament diameter, the electrode curvature has almost no effect on discharge parameters. The radial fluxes of charged species during the discharge pulse (pulse duration of about 200 ns) are much lower compared to the axial fluxes, except for a thin region in the cathode layer. At these conditions, the discharge parameters (such as the electric field and the rate of ionization) are controlled by the transport of charged species in the axial direction. This justifies the use of a one-dimensional pulsed discharge model, with the spatial coordinate, z, perpendicular to the electrode surfaces, as shown in figure 1 . The model assumes constant volume conditions during the discharge pulse and constant pressure conditions after the voltage is turned off. Since the gas temperature rise during the pulse is insignificant, except in the cathode layer where a considerable increase of gas temperature is caused by a rapid energy transfer from ions to neutrals, this approach does not result in a significant pressure increase in the afterglow. The simulations were carried out in nitrogen and in dry air, modelled as a 78.5% N 2 /21.5% O 2 mixture at a pressure of 100 Torr.
The kinetic model used in the present work includes: timedependent conservation equations for the number densities of electrons, ions (positive and negative ions in air), and neutral species; the equation for the electron temperature; the Poisson equation for the electric field; and, the heavy species energy equation. In nitrogen, the model includes N + , N ions. In air, the following ions are added: The governing equations used in the present model are listed below:
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Equations (1) and (2) are time-resolved conservation equations for number densities of charged species, n α (in particular, n e is the electron number density) and neutral species, n β .
] stand for electron and ions fluxes (+ and − signs are used for positively and negatively charged species, respectively), and In equations (3)-(5), ϕ, ρ, e and T e are the electric potential, density, elementary charge, and electron temperature, respectively; k e , k i , ε i are electron thermal conductivity, inelastic collisions rate coefficients, and electron energy losses in inelastic collision processes. In the energy equation (e.g. (5)), Q λ is the thermal conductivity term, Q J is Joule heating term, W ε = µ(7/3)(∂v/∂x) 2 is the viscous dissipation term, and h i is the enthalpy of species i.
The system of equations listed above is solved selfconsistently, using the same time scale for all equations. The boundary conditions for species number densities are as follows: the charged particles concentrations are zero (n α = 0) at the electrodes, and the neutral particles fluxes to the electrodes' surfaces (j β = 0) are zero. The secondary electron emission coefficient used is γ = 0.1 [8] , such that the electron and ion fluxes on the surface of the cathode are related, as follows, J e | cathode = −γ · J + ions | cathode . Note that the value of secondary electron emission coefficient, within a range of 0.05 < γ < 0.2, did not have a significant effect on the discharge current. The quenching coefficients for the excited species on the electrode surfaces are taken to be 10
for all excited states (both nitrogen and oxygen). Note that the effect of surface quenching of the excited species quenching during the ∼200 ns long discharge pulse is negligible because the excited states do not come to the electrodes in this short time scale. Surface quenching of the excited states in the afterglow is also of minor importance since diffusion fluxes to the electrodes are very slow when compared to the gas flow in the radial direction. The boundary conditions for the energy equation (equation (5)) on the electrodes' surfaces assume constant temperature, T electrodes = 300 K.
Vibrational level populations of nitrogen (n v ) are calculated using equation (6) . Here, n v are the absolute populations of excited vibrational levels of N 2 , v > 0. Equation (6) The present model includes 40 excited vibrational levels of nitrogen, of which the first 17 levels are assumed to be excited by electron impact. The cross sections for electron impact excitation of these levels are taken from [22, 23] . Note that cross sections for electron impact excitation of high vibrational levels (v > 9) decrease rapidly, such that peak value for electron impact excitation of v = 9, σ 09 = 6.1 × 10 −18 cm 2 , is a factor of 4 lower than that of v = 8, σ 08 = 2.52 × 10 −17 cm 2 . The rates for V-T relaxation of vibrationally excited states of nitrogen by N 2 , O 2 , N, and O used in the model were taken from [24] , with K 1,0 taken from [25] . Expressions for N 2 -N 2 V-V exchange rates were taken from [24] , with K 1,0 0,1 taken from [21] , where it has been measured directly.
Terms S α,β and L α,β n α,β in equations (1) and (2) represent rates of production and loss of ions and excited species (α and β, respectively) in chemical reactions, including electron impact and ion-molecule reactions.
The rate coefficients of electron impact processes were determined using cross sections taken from [22, 26] and the electron energy distribution function (EEDF) was calculated by solving the Bolzmann equation for the electrons in the two-term approximation by the method described in [27] .
The rate coefficients of ion-molecule reactions and of chemical reactions among neutral species were taken from [28, 29] .
The Boltzmann equation for the isotropic part f 0 of the EEDF, which is used to calculate rate coefficients of electron impact processes, is listed below [27, 30] :
Here, Q inel is the collision integral for inelastic electronneutral collisions and (δf 0 /δt) ee is the electron-electron collision integral; m, v, e are electron mass, velocity, and charge, respectively; and ν, E are the electron-neutral elastic collision frequency and the electric field. The RosenbluthShkarowsky method [31] was used to take into account Coulomb collisions between electrons:
Here,
ln (CGS). Note that at electron densities of n e ∼ 10 13 -10 14 cm −3 and electron temperatures of T e ∼ 2 − 3 eV, the estimated electron-electron collision frequency is ∼10 8 -10 9 s −1 . Therefore, the electron energy relaxation time in these collisions is of the order of ∼10 ns; that is, shorter than the discharge pulse duration. This demonstrates the importance of taking into account electron-electron collisions at the conditions of the experiments [20] .
Incorporating the electron-electron collision integral in equation (7) requires us to solve the Boltzmann equation self-consistently with the rest of governing equations. This results in a considerable increase in the computational time since the model becomes essentially two-dimensional: the first dimension being the axial coordinate (see figure 1) , and the second dimension being the electron energy. If electron-electron collisions are neglected, then the electron energy relaxation time is less than 1 ns and the following approach was used instead: first, electron swarm parameters and electron impact coefficients were calculated over a wide range of reduced electric field (E/N) values and tabulated as functions of mean electron energy (electron temperature); after which, the EEDF was recalculated when the composition of the plasma (including number densities of excited species) had changed significantly in order to account for the EEDF change due to superelastic collisions. Typically, the EEDF was recalculated approximately five times during the discharge pulse. Note that this approach (i.e. using electron impact coefficient as functions of electron temperature, calculated from equation (4)) allows us to take the nonlocal effects into account, such as electron thermal conductivity. The results of modelling calculations carried out with and without electronelectron collisions taken into account are compared in section 3 below.
Results and discussion
As discussed in section 2, nanosecond pulse discharge simulations were carried out for two gases: nitrogen and dry air. The model predictions are compared with the experimental data for discharge current, gas temperature, N 2 vibrational level populations, and absolute number densities of N, O and NO [20] . The modelling calculation results are discussed below. Figure 2 plots the experimental voltage and current pulse waveforms, as well as the discharge current predicted by the kinetic model in nitrogen and air. As discussed in section 2, the experimental voltage pulse waveform is used as one of the input parameters of the model. Note that the present one-dimensional model predicts the current density rather than the total current, as measured in the experiment. To predict the current, the current density was multiplied by the estimated cross-sectional area of the discharge filament. The filament diameter was determined from broadband ICCD images of UV/visible discharge emission [20] . Figure 3 plots the radial distribution of emission intensity halfway between the electrodes, with the full width at half maximum (FWHM) of 2.1 mm. Thus, the current density predicted by the model was multiplied by the filament cross-sectional area of A = 0.0346 cm 2 to compare it with the experimentally measured current. A comparison of the experimental and the predicted current traces in nitrogen (see figure 2(a) ) shows that the model somewhat overpredicts the current during breakdown (when the applied voltage falls rapidly) but is in good agreement with the rest of the experimental current pulse shape. The predicted current pulse shape in air (see figure 2(b) ) is also in fairly good agreement with the experimental current waveform, although the model somewhat overpredicts the current decay after breakdown. Note that the 'bump' in the experimental current pulse shapes that occurs during the initial voltage rise (before breakdown) is due to the significant stray capacitance of the external circuit, which was not incorporated in the present model.
Discharge pulse
As discussed in section 2, initial electron concentration was assumed to be very low, 10 4 cm −3 . During the initial rise of the applied voltage (before breakdown), the electrons drift toward the anode. Breakdown occurs when the applied voltage reaches its maximum value of about 12 kV (at t ≈ 0 ns, see figure 2 ). During breakdown, the 'forward' ionization wave initiated by volumetric electron impact ionization propagates from the anode to the cathode. The 'reverse' ionization wave propagates back to the anode after the secondary electron emission from the cathode begins. These two stages occur very rapidly, over ∼10 ns, while the current increases sharply. This is consistent with the experimental observations of the forward and the reverse ionization waves in [32] . After breakdown, the voltage drops to approximately 2.5 kV, which is due to the presence of the current-limiting ballast resistor (1 k ) in the external circuit. Since the external circuit is not incorporated in the model, the experimental voltage trace measured between the electrodes is used as one of the entry parameters of the model. A quasi-dc discharge phase follows the breakdown phase. During the quasi-dc phase, the applied voltage remains nearly constant, ∼2.5-3.0 kV, and the change in the discharge current is not very significant (see figure 2) .
Note that reproducing the shape of the time-dependent discharge current pulse is even more important than matching the absolute value of the current. For this, the model must correctly predict the axial distributions of the electric field and electron density in the plasma, as well as the rates of ionization processes in the discharge. The results of figure 2 suggest that the present model predicts these parameters adequately, which justifies the use of a one-dimensional approach in the present experimental conditions. The results also suggest that the model accurately predicts the rates of generation of excited states and radicals by electron impact. Figure 4 plots some of the predicted discharge parameters in nitrogen, including the voltage fall across the cathode layer ( figure 4(a) ), and reduced electric field and electron density in the middle of the discharge gap (i.e. halfway between the electrodes, figure 4(b) ). From figure 4(a), one can see that, after breakdown, the cathode voltage fall, approximately 1.5 kV, is quite high, which is comparable with the applied voltage, approximately 2.5 kV, thus limiting the field in the plasma.
The reduced electric field first increases up to about E/N = 350 Td (1 Td = 10 −17 V cm 2 ) after the voltage is applied, and then decreases sharply after breakdown, which is due to the voltage drop on the ballast resistor in the external circuit. After breakdown, the reduced electric field in the plasma (outside of the cathode layer) remains fairly low, E/N = 50-100 Td (see figure 4(b) ). The electron number density reaches its maximum value of about n e = 3 × 10 14 cm −3 during breakdown, after which it decreases gradually, which is due to recombination processes dominating over ionization. Thus, after breakdown, the electric field in the plasma is relatively low and the electron concentration is quite high.
Note that it is possible that a significant cathode voltage fall predicted by the present one-dimensional model may be somewhat overpredicted because the model underpredicts the area occupied by the discharge on the surface of the cathode ('cathode spot'). After the reverse ionization wave reaches the anode, the current channel near the cathode spreads out, such that the cathode spot may occupy a significantly greater surface area than the filament cross section, which is not accounted for in the present model. Indeed, the NO planar laser-induced fluorescence (PLIF) images taken in the experiment [20] demonstrate that the cathode spot area is significantly larger when compared to the cross section of the discharge filament. Thus, the cathode fall value predicted by the present model represents an upper bound value. However, the current density distribution across the cathode spot is not necessarily uniform, such that the cathode voltage fall evaluated based on this assumption would be a lower bound estimate. A more accurate prediction of the cathode fall would require us to use a twodimensional model of the discharge. However, a comparison of the present model's predictions with the experimental data (including current waveforms; N, NO, and O number densities; and N 2 vibrational level populations) suggests that the model provides an adequate description of the discharge kinetics and plasma chemistry.
Effect of electron-electron collisions
The results of our modelling calculations predict that the electron concentration during the discharge pulse at the present conditions exceeds 10 14 cm −3 (peak electron densities in nitrogen and air are n e = 2.5 × 10 14 cm −3 and n e = 1.4 · 10 14 cm −3 , respectively, with peak ionization fraction of n e /N ∼ 10 −4 ). It has been shown previously [27, 33] that electron-electron collisions become important above an ionization fraction of n e /N ∼ 10 −6 (in noble gases) and above n e /N ∼ 10 −5 -10 −4 (in molecular gases), such that incorporating them into the present model (see section 2) is necessary.
Most of the ionization during the discharge pulse occurs during the first few tens of nanoseconds, it happens in two stages: first, a 'forward' ionization wave propagates from the anode to the cathode, increasing the electron number density in the plasma up to n e ∼ 10 12 -10 13 cm −3 ; after the wave front reaches the cathode, a secondary electron emission from the cathode is triggered by the ions generated in the ionization wave front. This results in a 'reverse' ionization wave, propagating from the cathode to the anode, and increasing the electron number density up to n e ∼ 10 14 cm −3 . The electric field ahead of the forward ionization wave is very high because the charge separation in the wave front shields the plasma behind the wave. This leads to a dramatic increase of the voltage fall across the cathode layer, up to 4.5 kV (see figure 4). The electric field ahead of the reverse ionization wave is also high because the sudden increase in the secondary emission from the cathode results in a significant reduction of the cathode voltage fall and increases the electric field in the rest of the discharge gap. This makes the effect of electronelectron collisions on the rate of ionization during this stage insignificant because this effect is reduced as the electric field is increased [27] . After breakdown, the electron concentration in the plasma is fairly high while the electric field in the plasma becomes rather low, which is due to a significant voltage drop across the cathode layer. Note that most of the energy is coupled to the plasma after breakdown during the quasi-dc discharge phase (see figure 2) , resulting in significant vibrational excitation, as well as some electronic excitation and dissociation. To illustrate the effect of electron-electron collisions on the coupled energy partitioning among different excited states, the modelling calculations were carried out with electronelectron collisions turned on and off, the results are discussed below. First, figure 5 plots the EEDFs predicted in a nitrogen plasma at E/N = 100 Td and n e = 2 × 10 14 cm −3 , with and without electron-electron collisions taken into account. As is well known, the EEDF has a well-pronounced, nearly 'stepwise' drop at electron energy of ε ∼ 2 eV, which is produced by significant electron energy loss in inelastic collisions (primarily N 2 vibrational excitation by electron impact). Also, as expected, the EEDF with electron-electron collisions taken into account exhibits a more gradual reduction with the electron energy (see figure 5 ). This occurs because the Coulomb collisions result in 'Maxwellization' of the distribution function [8] ; that is, it brings it closer to a straight line in a semilog plot in figure 5 and raises the higher energy 'tail'.
Note that electron-electron collisions conserve the electron energy, simply redistributing it between the collision partners, such that some of the electron impact rate coefficients may increase while others may be reduced. Figure 6 compares N 2 vibrational level populations during the discharge pulse predicted by the model, both with and without electron-electron collisions taken into account, illustrating a significant difference between these two cases. In particular, incorporating an electron-electron collision results in higher v = 1, 2 level populations but lower v = 3, 4 level populations. A comparison with the experimental data points, which is also shown in figure 6 , shows that including electronelectron collisions results in a much better agreement with the experiment, and demonstrates that electron impact vibrational excitation and de-excitation processes of N 2 are adequately represented by the model. Note that the electron-electron collisions have almost no effect on the dissociation process because it takes place mostly at the beginning of the discharge pulse, when the electric field in the discharge gap is still very high. At higher electric fields, the effect of electron-electron collisions becomes weaker.
Excitation and decay of N 2 vibrational levels
As discussed in section 2, the present model incorporates 40 vibrational levels of the ground electronic state of N 2 , with vibrational levels v = 1-17 excited by electron impact during the discharge pulse. The simulation results are compared with picosecond coherent anti-Stokes Raman scattering (CARS) measurements in nitrogen and air [20] , where the first five vibrational levels, v = 0-4, were detected. The time-resolved N 2 (v = 0-4) vibrational level populations that are predicted by the model in nitrogen are compared with the experimental results in figure 7(a) ). It can be seen that the model predictions are in very good agreement with the experimental data over a wide range of time scales, from ∼10 −7 until ∼10 −2 s. Note that vibrational level population reduction beyond ∼10 −3 s is not produced by V-V exchange or by V-T relaxation, both of which are significantly slower, and is most likely to be due to diffusion in the radial direction. In the present work, the characteristic diffusion time is estimated to be
2 /D ≈ 8 ms, which is much shorter when compared to the convection time, τ conv ≈ d/u ≈ 40 ms, where the flow velocity, as estimated from the flow rate, is u ≈ 5 cm s −1 . This estimate for the diffusion time is shorter compared to the diffusion time estimated from NO number density measurements in the later afterglow in [20] , τ diff ≈ 20 ms, which is most likely to be due to the size of CARS signal collection region being significantly smaller when compared to the laser-induced fluorescence (LIF) and two-photon absorption laser-induced fluorescence (TALIF) diagnostics (see the discussion in [20] ).
From figure 7(a), it can be seen that time-resolved populations of excited vibrational levels of N 2 exhibit several different trends. Specifically, the N 2 (v = 1) population increases after the discharge pulse (on the time scale of ∼10 . It can be seen that the model's prediction for peak vibrational temperature in nitrogen is in good agreement with the experiment and is somewhat lower when compared with the experimental value in air. Note that the experimentally measured number of vibrational quanta per N 2 molecule appears to increase after the pulse, both in nitrogen and air, until ∼10 −4 s. In fact, the increase of Q after the pulse in nitrogen, predicted by the model (see figure 8(a) ), is due to the effect of downward V-V energy transfer from higher vibrational level, v > 4, which is not measured in the experiments and is therefore not included in the sum. The total number of quanta per molecule after the pulse, predicted by the model, remains nearly constant, since N 2 -N 2 V-V exchange conserves the number of vibrational quanta, until ∼10 −3 s, when the removal of vibrationally excited molecules by diffusion becomes significant. Finally, at the present low-temperature conditions (peak translational/rotational temperature of T ∼ 360 K), the effect of V-T relaxation on N 2 vibrational mode energy on the number of quanta per molecule is negligibly small.
Production and decay of electronically excited species and radicals in the afterglow
Simulations of the experimental conditions were carried out for the time interval of 10 ms, starting approximately 50 ns before the applied pulse voltage rise from near zero (see figure 4 ). This time interval includes: (a) a breakdown stage, including the onset of electron impact ionization in the discharge gap, ionization wave propagation toward the cathode, and onset of secondary electron emission from the cathode; (b) a quasi-steady-state discharge state, which is reached after the breakdown, with a 'plateau' reached in the applied voltage; and, (c) an afterglow stage, after the applied voltage is turned off. The model predictions for time-dependent species number densities, specifically atomic oxygen and nitrogen, as well as NO, were compared with the experimental results [20] . A comparison with time-resolved, absolute species concentration measurements in the afterglow puts the plasma chemistry mechanism used in the present model to a stringent test. Figure 9 compares experimental O, N, and NO number densities in the afterglow [20] with the predictions of the 'baseline' model described in section 2. Figure 9 also plots the predicted gas temperature.
As can be seen from the experimental data points plotted in figure 9 , atomic nitrogen, which is mainly produced by electron impact during the discharge pulse, is decaying in the afterglow, starting at 5 µs after the discharge pulse (the shortest delay time after the pulsed measured in the experiments) [20] . The concentration of atomic oxygen, which is also generated during the discharge pulse, keeps increasing in the afterglow, which is most likely due to the quenching of excited nitrogen molecules in the following reactions:
The rate coefficients for this reaction are 2.54 × 10 −12 cm 3 s Finally, our experimental results show that NO number density is highest, approximately 2 × 10 15 cm −3 , 5 µs after the discharge pulse (first experimental point taken), and decreases afterwards. Since noticeable NO concentration reduction occurs over ∼100 µs (see figure 9) , it cannot be caused by diffusion or convection (gas flow), both of which are insignificant on this time scale. Also note that initial NO concentration is almost two times higher than the concentration of N atoms (see figure 9) . Thus, the rapid reactions of excited metastable states of nitrogen atoms, N( 2 D) or N( 2 P),
that are usually assumed to control NO formation in air afterglow [34] [35] [36] [37] [38] are unlikely to be the main mechanism of NO generation at the present conditions because their number densities are even lower than those of the ground state nitrogen atoms. Since the gas temperature in the present experiment remains relatively low, below T = 400 K (see figures 8 and 9), the reactions of the Zel'dovich thermal mechanism of NO formation
do not affect nitric oxide generation in the discharge afterglow. Similarly, vibrational excitation of nitrogen at the present conditions is quite low (see figures 7 and 8), such that it is unlikely to affect NO generation in a vibrationally enhanced first Zel'dovich reaction,
as has been suggested previously [39, 40] . Indeed, based on the trend given by the experimental measurents of N 2 vibrational level populations in the ground electronic state (see figure 7) , the estimated relative population of v ∼ 12, which corresponds to the activation energy barrier of reaction (13), E a ∼ 38 000 K, is only f 12 ∼ 10 −5 (absolute population of
, which is about two orders of magnitude less than the NO number density measured in the experiment.
This leaves quenching of electronically excited nitrogen,
where N * 2 is used as a generic symbol for N 2 excited electronic states, as the most likely primary mechanism of NO formation in the afterglow. Reaction (14) , involving a metastable excited state N 2 (A 3 + u ), with the rate coefficient of 7 × 10 −12 cm 3 s −1 [24] , is routinely incorporated in plasma chemistry kinetic models as one of key reactions for NO formation in nonequlibrium air plasmas [35, 37] . Indeed, significant NO yield in reaction (14) is expected due to high atomic oxygen number density measured at the present conditions (up to ∼10 16 cm −3 , see figure 9 ). Although the baseline kinetic model used in the present work (see section 2) does incorporate reactive quenching processes of reaction (14) , only three excited triplet states, N 2 (A (14) channel. However, figure 9 clearly shows that the baseline model strongly underpredicts peak NO number density (by about a factor of 5, 4 × 10 14 cm −3 versus 2 × 10 15 cm −3 ) and overpredicts NO decay rate by about two orders of magnitude (primarily in the reverse 2nd Zel'dovich reaction, reaction of equation (12))). In addition, the rate of N atom decay is strongly underpredicted. This behaviour suggests that the quenching of other electronic states of N 2 contributes to NO production rate in the afterglow.
To test this hypothesis, the kinetic model has been expanded to incorporate other excited electronic states of nitrogen, specifically the triplet states
) and the singlet states N 2 (a
), as additional channels of reactive quenching (14) . Although these states have allowed rapid radiative transitions to lower energy excited electronic states or to the ground state (singlet states), collisional quenching is quite critical at the relatively high pressures involved (100 Torr). Since the non-reactive collisional quenching of these states, such as
is already included into the baseline model, expanding the model allows for quenching processes with M = O to be reactive. Note that measurements of electronic state specific rates of reaction (14) are not available because of the scarcity of time-resolved NO measurements at strongly transient conditions, rather than in steady-state discharges or late afterglow. In the present work, the rate coefficient of reaction (14) for N 2 (A Note that expanding the model significantly increases the amount of NO generated during the discharge pulse, although most of it is still produced in the afterglow, up to ∼1 µs after the pulse. It can be seen that the extended model reproduces the experimental data quite well. Specifically, the model accurately predicts peak NO number density, as well as [N] and [NO] reduction in the reverse 1st Zel'dovich reaction,
Note that the measured and the predicted reduction in NO number density up to ∼10 −3 s after the discharge pulse, [NO] ∼ 10 15 cm −3 , is close to the peak measured N atom number density (see figure 10 ). This demonstrates that, at the present conditions, reaction (16) is the dominant channel of NO and N atom decay in the afterglow, on the time scale ∼10 −5 -10 −3 s. Although the second Zel'dovich reaction (NO + O → N + O 2 ) also affects NO formation and decay in the afterglow, it is important only when NO number density is low, below ∼10 13 cm −3 . Finally, the NO decay on the long time scale, ∼10 −3 -10 −1 s (see figure 10 ), is primarily due to diffusion rather than its conversion to higher nitric oxides, such as NO 2 on the time scale ∼0-100 µs (see figure 11 ).
Summary
The modelling calculations results discussed in the present paper provide key new insights into the kinetics of the vibrational excitation of nitrogen and plasma chemical reactions in nanosecond pulse, 'diffuse filament' discharges in nitrogen and dry air at a moderate energy loading per molecule, ∼0.1 eV per molecule, as studied in our recent work [20] . The present results demonstrate that the ionization fraction achieved in the discharge filament, n e /N ∼ 10 −4 , is sufficiently high for electron-electron collisions to affect the EEDF, the rates of electron impact processes, and the electron energy partitioning among different molecular energy modes. Specifically, taking electron-electron collisions into account produces much better agreement with the measured N 2 (X 1 , v = 0 − 4) vibrational level populations at the end of the discharge pulse. In addition, the results illustrate that self-consistent modelling of the cathode layer development in high peak current, nanosecond pulse duration discharges is critical for predicting the electric field in the plasma after breakdown because at these conditions the cathode voltage fall may be comparable to the voltage between the electrodes after breakdown.
The present modelling calculations demonstrate that the apparent transient rise of N 2 'first level' vibrational temperature after the discharge pulse, which was detected in the experiment [20] , is due to the net downward V-V energy transfer in N 2 -N 2 collisions, which increases the N 2 (X 1 , v = 1) population. Finally, a comparison of the present results with the experimental data shows that NO formation in the afterglow occurs during reactive quenching of multiple excited electronic levels of nitrogen molecule, N * 2 , by O atoms. Specifically, taking into account NO formation in reactive quenching of only the lowest metastable triplet level N 2 (A 3 + u ) results in a much lower predicted NO number density when compared to the experimental results [20] . Incorporating NO formation during quenching of both singlet and triplet electronic states of N 2 resolves this issue, resulting in a much better agreement with the data. According to the expanded model predictions, nitric oxide is formed on the time scale of ∼0.1-1 µs after the discharge pulse, reaching its maximum value at ∼1 µs. After this, NO is predicted to decay, mainly in a reaction with N atoms, NO + N → N 2 + O, which is in good agreement with the experiment. Both the measured and predicted reductions in NO number density in the afterglow are close to peak N atom number density, demonstrating that this reaction is the dominant channel of NO and N atom decay in the afterglow.
The present work demonstrates the critical importance of time-resolved, absolute, multiple species concentrations measurements in highly transient plasmas, which give a quantitative insight into the kinetics of plasma chemical reactions and confidence in the kinetic model predictions. Most N, O, and NO measurements available in the literature [34] [35] [36] [37] have been done in steady-state discharges or in late afterglow; that is, on time scales much longer than the characteristic time for reactions of electronically excited species and radicals produced in the discharge (e.g. see [41] ). This may result in a significant uncertainty in the identification of the plasma chemical processes that control the formation and decay of these species in the discharge and in the afterglow. Measurements of these radical species concentrations at shorter delay times after the discharge pulse and/or at lower energy loadings per molecule would provide a better time resolution of both their rise and decay. These data would help to isolate the kinetic processes involved and provide additional confidence in the model's predictions.
